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Candida glabrata has emerged as a common cause of fungal infection. This yeast has intrinsically low
susceptibility to azole antifungals such as fluconazole, and mutation to frank azole resistance during treatment
has been documented. Potential resistance mechanisms include changes in expression or sequence of ERG11
encoding the azole target. Alternatively, resistance could result from upregulated expression of multidrug
transporter genes; in C. glabrata these include CDR1 and PDH1. By RNA hybridization, 10 of 12 azole-resistant
clinical isolates showed 6- to 15-fold upregulation of CDR1 compared to susceptible strains. In 4 of these 10
isolates PDH1 was similarly upregulated, and in the remainder it was upregulated three- to fivefold, while
ERG11 expression was minimally changed. Laboratory mutants were selected on fluconazole-containing me-
dium with glycerol as carbon source (to eliminate mitochondrial mutants). Similar to the clinical isolates, six
of seven laboratory mutants showed unchanged ERG11 expression but coordinate CDR1-PDH1 upregulation
ranging from 2- to 20-fold. Effects of antifungal treatment on gene expression in susceptible C. glabrata strains
were also studied: azole exposure induced CDR1-PDH1 expression 4- to 12-fold. These findings suggest that
these transporter genes are regulated by a common mechanism. In support of this, a mutation associated with
laboratory resistance was identified in the C. glabrata homolog of PDR1 which encodes a regulator of multidrug
transporter genes in Saccharomyces cerevisiae. The mutation falls within a putative activation domain and was
associated with PDR1 autoupregulation. Additional regulatory factors remain to be identified, as indicated by
the lack of PDR1 mutation in a clinical isolate with coordinately upregulated CDR1-PDH1.

In recent decades, Candida glabrata has emerged as the
second most common cause of mucosal and invasive fungal
infection (10 to 30% of yeast isolates), trailing only Candida
albicans (50 to 60%). For example, a large multicenter study
identified an increase in C. glabrata from a low of 14% in 1993
to a high of 24% in 1998 (36). In two smaller studies, C.
glabrata increased from 2 to 5% in the 1980s to 27% in the
1990s (29, 39). The higher incidence of C. albicans infection
can be largely explained by the presence of this yeast among
the normal mucosal flora of most humans (for reviews, see
references 10 and 27). Colonization and invasion by C. albicans
are aided by several well-characterized factors including yeast-
hypha dimorphism, multiple adhesins, and secreted hydrolases
(proteases and phospholipases) (10). In contrast, C. glabrata
grows only as a yeast form in vivo, secreted hydrolases are
minimal, and adhesion is relatively weak (4, 5, 21, 26, 31).

In light of the yeast’s relative deficiency in colonization-
invasion factors, why are C. glabrata infections now common?
A potential reason is its intrinsically low susceptibility to
azoles. For example, a recent multicenter survey observed that
fluconazole MICs inhibiting 50 or 90% of isolates were 8 or 32
�g/ml, respectively, compared to 0.25 or 2 �g/ml, respectively,
for C. albicans (33). Azoles are the most commonly used an-
tifungals and include topical imidazoles (e.g., miconazole) for
mucosal or skin infection and oral-parenteral triazoles (e.g.,

fluconazole) for invasive and refractory mucosal infection. The
emergence of C. glabrata parallels the introduction in the early
1990s of triazoles and over-the-counter imidazoles.

Azoles inhibit the enzyme lanosterol demethylase, product
of the ERG11 gene in yeast. This inhibition results in depletion
of the major membrane component ergosterol and accumula-
tion of potentially toxic sterol intermediates (for a review, see
reference 18). The molecular basis for the intrinsically low
azole susceptibility of C. glabrata has not been defined. Poten-
tial mechanisms include a relatively low affinity of its lanosterol
demethylase for azoles, as has been observed in certain C.
albicans strains (28), or a relatively high ability to upregulate
ERG11 expression following azole exposure (19).

In contrast to intrinsic resistance, acquired resistance results
from rare mutations that are selected by drug pressure. Ac-
quired resistance to azoles has been frequently documented in
C. albicans clinical isolates from patients undergoing long-term
therapy, such as those with AIDS. The most commonly ob-
served mechanism is constitutively upregulated expression of
multidrug transporters resulting in azole efflux from the cell
(34, 48). In C. albicans, two types of azole transporters have
been characterized: the ATP-binding cassette (ABC) trans-
porters encoded by CDR1 and CDR2 and the major facilitator
superfamily transporter encoded by MDR1. Less commonly,
acquired azole resistance in C. albicans isolates has been as-
sociated with increased expression of, or structural mutations
in, lanosterol demethylase. In the laboratory, azole-resistant
mutants of C. albicans have proven difficult to isolate, requiring
multistep selection (3, 12). This presumably reflects the diploid
nature of its genome. Nevertheless, these laboratory mutants
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appear to involve the same mechanisms identified in clinical
isolates, in particular multidrug transporter upregulation.

While less studied, acquired azole resistance in clinical iso-
lates of the haploid C. glabrata has also been documented and
shown to involve upregulated expression of ABC transporters
known as CDR1 and PDH1 (also known as CDR2) (9, 30, 40,
41, 42). Conversely, deletion of the C. glabrata CDR1 gene
resulted in azole hypersensitivity; this was enhanced by further
deletion of PDH1 (20, 42). Azole-resistant C. glabrata mutants
have also been isolated in the laboratory on glucose-supple-
mented medium (12, 42; T. Edlind, K. Henry, and S. Katiyar,
Abstr. 39th Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. 297, 1999). However, these mutants were respiratory-
deficient petite mutants with nonfunctional mitochondria.
Studies of these high-frequency azole-resistant (HFAR) mu-
tants implicated upregulation of multidrug transporters as the
basis for their azole resistance (42). The clinical relevance of
mitochondrial mutants is questionable in light of their de-
creased fitness.

Evolutionarily, C. glabrata is closely related to the genetic
model Saccharomyces cerevisiae (8). In the latter, the coordi-
nate upregulation of a gene set that includes PDR5 and SNQ2
encoding multidrug ABC transporters is mediated by the
closely related Pdr1 and Pdr3 transcription activators (6, 24).
These proteins belong to a 55-member family characterized by
binuclear zinc cluster (Zn2Cys6) DNA binding domains (1).
Both Pdr1 and Pdr3 recognize CGG triplets arranged as in-
verted or direct repeats within the promoters of target genes
(6, 24). Many gain-of-function mutations within these tran-
scription factors have been identified that result in multidrug
resistance via constitutive, coordinate upregulation of PDR5
and SNQ2 (11, 25, 32, 43).

To better understand mechanisms of acquired azole resis-
tance in C. glabrata, we have compared expression of ERG11,
CDR1, and PDH1 in azole-susceptible and -resistant clinical
isolates, including a matched pair isolated before and after
azole treatment. Furthermore, laboratory-derived mutants
were isolated (with single-step selection) and similarly charac-
terized. To complement these studies, gene expression was
examined in antifungal-exposed susceptible cells. Together
these studies identified coordinate upregulation of CDR1 and
PDH1 as a common basis for acquired and intrinsic azole
resistance, implicating a transactivating transcription factor.
Sequence analysis of a laboratory mutant identified the C.
glabrata homolog of Pdr1 as one of these factors.

(Portions of this work were previously presented [J. P. Ver-
mitsky and T. D. Edlind, Abstr. 43rd Intersci. Conf. Antimi-
crob. Agents Chemother., abstr. M-404, 2003].)

MATERIALS AND METHODS
Media, drugs, and strains. The media employed were YPD (1% yeast extract,

2% peptone, 2% dextrose), YP-glycerol (1% yeast extract, 2% peptone, 3%
glycerol), and RPMI 1640 (minus glutamine, with 2% dextrose and 0.165 M
MOPS [morpholinepropanesulfonic acid], pH 7.0). Drugs were obtained from
the following sources: Pfizer, New York, N.Y. (fluconazole); Janssen, Titusville,
N.J. (itraconazole); Novartis, East Hanover, N.J. (terbinafine); Merck, Rahway,
N.J. (caspofungin); and Sigma, St. Louis, Mo. (amphotericin B, miconazole, and
ampicillin). Fluconazole and caspofungin were dissolved in saline, ampicillin was
dissolved in water, and all other drugs were dissolved in dimethyl sulfoxide
(DMSO); the final DMSO concentration was �0.5% in all experiments which
had no detectable effect on growth. Strains used in this study were obtained from
J. Rex (Houston, Tex.), J. Sobel (Detroit, Mich.), and the American Type

Culture Collection (Manassas, Va.). A rapid trehalase test (16) was used to
confirm their identity as C. glabrata.

Broth microdilution assays. Fresh overnight cultures from a single colony
were diluted 1:100 in YPD (or, where indicated, RPMI), incubated for 3 to 4 h
with aeration, and then counted in a hemocytometer and diluted again to 104

cells/ml. Aliquots of 100 �l were distributed to wells of a 96-well flat-bottomed
plate, except for row A, which received 200 �l. Drug (�1 �l) was added to row
A to obtain the desired concentration and then serially twofold diluted by
transferring 100 �l to rows B through G; row H served as drug-free control.
Plates were incubated at 35°C for the indicated times. Absorbance at 630 nm was
read with a microplate reader (Bio-Tek Instruments, Winooski, Vt.); background
due to medium was subtracted from all readings. The MIC was defined as the
minimum concentration inhibiting growth �80% relative to drug-free control.

RNA hybridization. For most studies, log-phase aerated cultures in YPD
medium at 35°C were adjusted to 3 � 106 cells/ml and incubated for an addi-
tional 3 h. For studies involving treatment, cultures (3 � 106 cells/ml) were
divided into equal portions to which drug or drug vehicle was added, and
incubation was continued for the indicated times. In both cases, cultures were
then counted, volumes corresponding to 3 � 107 cells were removed to centri-
fuge tubes, and RNA was extracted as described previously (22). Briefly, cells
were pelleted, suspended in sodium acetate-EDTA buffer, and stored at �70°C.
After thawing, RNA was extracted by vortexing in the presence of glass beads,
sodium dodecyl sulfate (SDS), and buffer-saturated phenol alternating with in-
cubation at 65°C for 10 to 15 min. Samples were cooled on ice and centrifuged,
and RNA was ethanol precipitated from the aqueous phase. RNAs were dis-
solved in water and denatured in formaldehyde-SSPE (1� SSPE is 0.18 M NaCl,
10 mM NaH2PO4, and 1 mM EDTA [pH 7.7]) (total volume 1 ml) with incu-
bation for 15 min at 65°C. Either 40 �l (for ACT1 probing) or 200 �l (for other
probes) of denatured RNA (4 or 20 �g, respectively) was applied to a nylon
membrane by using a slot blot apparatus. Membranes were rinsed in SSPE, UV
cross-linked, and hybridized to gel-purified PCR products labeled with 32P by
random priming (Takara, Madison, Wis.). The PCR products were obtained by
amplification of C. glabrata 66032 genomic DNA (see below) with the following
primer pairs: 5�-TTGACAACGGTTCCGGTATG-3� and 5�-CCGCATTCCGT
AGTTCTAAG-3� for ACT1 (47), 5�-ACAATGTCTCTTGCAAGTGAC-3� and
5�-AAGTGTTTTCTGATGTGCTTT-3� for CDR1 (41), 5�-GTGATGAACCCC
GATGA-3� and 5�-TTCTTGATCTCGTTGGGCGT-3� for PDH1 (30), 5�-CCC
ATACGGTACCAAGCCATA-3� and 5�-CCACCGAATGGCAAGTATGGA-3�
for ERG11 (17), and 5�-AGTGCCACCACTAAGTCACT-3� and 5�-CCATAG
TATTGCTGCAGAGCA-3� for PDR1 (C. Hennequin and L. Frangeul, Institut
Pasteur, personal communication). Gene expression was quantified by densitom-
etry of moderately exposed autoradiographs, with normalization to ACT1 RNA
levels.

Selection of fluconazole-resistant mutants. Fresh overnight cultures from a
single colony of C. glabrata 66032 were diluted 1:100 in YPD, incubated for 3 h
with aeration, and counted in a hemocytometer. Approximately 5 � 106 cells
were spread on YP-glycerol agar containing 128 �g of fluconazole/ml. Mutant
colonies appeared after 2 days of incubation at 35°C. To ensure their stability,
mutants were passaged seven times by streaking on drug-free YPD before testing
to confirm their fluconazole resistance.

DNA isolation. Genomic DNAs were prepared from cell pellets obtained from
1.5 ml of fresh overnight culture in YPD, digested with yeast lytic enzyme
followed by SDS-proteinase K, extracted with phenol-chloroform, and ethanol
precipitated essentially as described previously (22).

Cloning and sequence analysis of C. glabrata PDR1. PDR1 coding sequences
were amplified by PCR (Ex-Taq polymerase; Takara) of C. glabrata DNA with
use of the following primers (based on the strain CBS138 sequence provided by
C. Hennequin and L. Frangeul): 5�-GGTAAAGTCATTCTTTAGCTACG-3�
and 5�-TACAGGCTATGCACACTGTCT-3�. Products were cloned into pGEM-T
(Promega, Madison, Wis.) and transformed into Escherichia coli DH5� cells with
selection on LM plates with 100 �g of ampicillin/ml. Plasmid DNA was purified
(QIAprep; Qiagen, Valencia, Calif.) and sequenced using a set of seven primers
that span the PDR1 coding sequence. To confirm mutations, the PCR was
repeated, and products were purified (Wizard SV; Promega) and sequenced
directly.

Nucleotide sequence accession number. PDR1 sequences determined here
have been deposited in GenBank (accession number AY700584).

RESULTS

Antifungal susceptibilities of C. glabrata clinical isolates. As
indicated in Table 1, these studies employed 11 azole-resistant
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C. glabrata bloodstream isolates obtained from the MSG 33-34
collection, which sampled 39 U.S. medical centers between
1995 and 1999 (33). Also included were a matched pair of
azole-susceptible (380) and -resistant (381) vaginal isolates
obtained from the same patient pre- and post-treatment with
fluconazole (46). Additional azole-susceptible controls in-
cluded ATCC strains 66032, 2001, and 38326 along with vagi-
nal isolate 945 (46). All were confirmed to be C. glabrata by a
trehalase test (16).

Susceptibilities of these isolates to fluconazole and itracon-
azole (Table 1) and the nonazole antifungals amphotericin B
and caspofungin were determined by broth microdilution assay
in YPD medium with 24 h of incubation. Comparable results
were obtained in RPMI medium with 48 h of incubation (data
not shown). As expected, isolates fell into two groups with
respect to fluconazole MIC: susceptible (16 to 32 �g/ml;
strictly speaking, these are “susceptible-dose dependent”) and
resistant (�64 �g/ml). All fluconazole-resistant clinical isolates
were cross resistant to itraconazole (Table 1). In contrast,
there were minimal differences among these isolates in their
susceptibilities to amphotericin B and caspofungin (data not
shown).

Antifungal susceptibilities of laboratory-derived flucon-
azole-resistant mutants. Clinical isolates are likely to be ge-
netically heterogeneous, potentially complicating the analysis

of azole resistance mechanisms. Therefore, spontaneous flu-
conazole-resistant mutants of C. glabrata strain 66032 were
selected in vitro on YP-glycerol agar containing 128 �g of
fluconazole/ml. Glycerol was employed as a carbon source
rather than glucose-dextrose to eliminate the previously char-
acterized respiratory (mitochondrial) mutants responsible for
high-frequency (ca. 10�3) azole resistance (HFAR mutants)
(13, 42; T. Edlind et al., Abstr. 39th Intersci. Conf. Antimicrob.
Agents Chemother., abstr. 297, 1999). Such mutants are likely
to be avirulent; in support of this, none of the 12 azole-resis-
tant clinical isolates described above were respiration deficient
(i.e., grew poorly on YP-glycerol).

After 2 days of incubation, colonies were obtained on YP-
glycerol plates at a frequency of about 10�5, i.e., 100-fold less
frequently than HFAR colonies. Following isolation and re-
peated passaging on drug-free YPD plates to ensure stability,
the mutants were tested with the same panel of antifungal
drugs used with the clinical isolates. As indicated in Table 1,
for all mutants fluconazole MICs were �64 �g/ml, as expected.
Furthermore, six of seven mutants were cross resistant to itra-
conazole (Table 1) but had unchanged susceptibilities to am-
photericin B and caspofungin (data not shown). In these re-
spects, the laboratory mutants resemble the azole-resistant
clinical isolates.

ERG11 and ABC transporter gene expression in clinical
isolates and laboratory mutants. RNA hybridization was used
to test the hypothesis that azole resistance resulted from con-
stitutively upregulated expression of ERG11 or ABC multidrug
transporter genes. Compared to that of a panel of five azole-
susceptible isolates, the expression of ERG11 encoding the
azole target was not significantly altered in any of the 12 azole-
resistant isolates (Fig. 1). In contrast, 10 of these isolates
showed 6- to 16-fold upregulation of multidrug transporter
gene CDR1. Importantly, 4 of these 10 also showed 6- to
12-fold upregulation of PDH1, with the remaining six showing
three- to fivefold upregulation of this second multidrug trans-
porter gene. This was not due to cross-hybridization, since
CDR1 and PDH1 share only 55% identity over the regions
probed and the hybridization conditions were highly stringent.
Included in this analysis were the matched pair of isolates 380
and 381, which similarly showed CDR1 and PDH1 upregula-
tion associated with azole resistance (Fig. 1).

With clinical isolates, it is difficult to determine if the above
results reflect multiple mutations independently affecting
CDR1 and PDH1 expression or a single mutation in a common
regulatory factor responsible for coordinate upregulation.
RNA hybridization analysis of the azole-resistant laboratory
mutants, however, suggests the latter to be the case. Specifi-
cally, six of seven mutants showed coordinate CDR1-PDH1
upregulation, falling into two apparent groups (Fig. 2). Mu-
tants F15, F18, and F26 showed 10- to 20-fold upregulation of
CDR1-PDH1, while mutants F17, F23, and F25 showed two- to
sixfold upregulation of these genes. Mutant F22 was unique, in
that it showed threefold ERG11 upregulation with unchanged
CDR1 and PDH1.

RNA analysis of an azole-susceptible strain following anti-
fungal treatment. To complement the RNA analysis of azole-
resistant clinical isolates and mutants, the effects of antifungal
exposure on gene expression were studied in azole-susceptible
C. glabrata strain 66032. Cultures were treated with drug for

TABLE 1. Fluconazole and itraconazole MICs for C. glabrata
azole-susceptible and resistant isolates and laboratory mutantsa

Strain
MIC (�g/ml)b

FLU ITR

Susceptible
66032 16 0.5
2001 16 0.5
38326 16 0.5
945 16 0.5
380 32 1

Resistant clinical
381 �128 �8
34-031-010 128 �8
34-031-014 �128 �8
34-016-031 �128 �8
34-507-038-02 �128 �8
34-016-042 128 �8
34-028-092 �128 �8
34-028-056 128 �8
33-94-R-0024-119 128 �8
34-517-502 �128 �8
34-028-512 �128 �8
34-019-018 �128 �8

Laboratory resistant
F15 �128 �8
F17 �128 4
F18 128 8
F22 64 0.5
F23 �128 8
F25 �128 �8

a Susceptible strains were from the American Type Culture Collection, except
380 and 945 (46). Clinical resistant strains were from MSG33-34 (33) except 381
(46); underlining indicates a strain abbreviation used in Fig. 1A and Fig. 5.
Laboratory resistant mutants were derived from ATCC 66032 (F, fluconazole
resistant). MICs were determined in YPD and read at 24 h.

b FLU, fluconazole; ITR, itraconazole.
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0.5 or 2.5 h, and RNA was analyzed as before. When cultures
were treated with fluconazole or itraconazole for 2.5 h, 4- to
12-fold coordinate upregulation of CDR1 and PDH1 was ob-
served (Fig. 3). There was little effect at 0.5 h, suggesting that
ergosterol depletion was required. As previously reported (19),
treatment with these two azoles also upregulated ERG11, as
did terbinafine, which targets a distinct enzyme in the ergos-
terol biosynthetic pathway. Effects on ERG11 were similarly
more pronounced at 2.5 h than at 0.5 h. In comparison, treat-
ment with amphotericin B had no effects on expression of these
three genes.

Sequence analysis of a PDR1 homolog from azole-suscepti-
ble and -resistant strains. The coordinate upregulation of
CDR1 and PDH1 in azole-resistant strains, and in a susceptible
strain following azole exposure, implies that these ABC trans-
porter genes are regulated by a common transcription factor.
In S. cerevisiae, the related zinc cluster proteins encoded by
PDR1 and PDR3 (33% identity) serve this function (6, 24).
Therefore, the recently released C. glabrata protein sequence
database (http://cbi.labri.fr/Genolevures/C_glabrata.php) was
searched using BLASTP for Pdr1 and Pdr3 homologs, and one
clear candidate was identified (CAGL-CDS0315.1; E � 10�172

and 10�130, respectively). An amino acid sequence alignment is
shown in Fig. 4.

Amplification and sequencing of the corresponding DNA
from laboratory mutant F15, which showed pronounced
CDR1-PDH1 upregulation (Fig. 2), and its susceptible 66032
parent were performed. Compared to the sequenced strain
CBS138 (equivalent to ATCC 2001), there were 11 nucleotide
differences in PDR1 of strain 66032, which would result in four
amino acid changes between residues 76 and 143, a poorly
conserved region relative to S. cerevisiae Pdr1-Pdr3 (Fig. 4).
Compared to its parent, mutant F15 had a single change in
PDR1, from C to T at nucleotide 2780 (relative to the start
codon), which was confirmed by repeating the PCR and se-
quencing. This nucleotide change would alter the amino acid
sequence at residue 927 from Pro to Leu (Fig. 4). This muta-
tion lies within the activation domain near the C terminus of
the Pdr1-Pdr3 transcription factors, where numerous gain-of-
function mutations have previously been identified in S. cerevi-
siae (11, 25, 32, 43).

PDR1 was similarly sequenced from the matched pair of
azole-susceptible and -resistant isolates 380 and 381 from the
same patient (46). Sequencing confirmed that they are related,

FIG. 1. Expression of ERG11, ABC transporters CDR1 and PDH1, and ACT1 loading control in azole-susceptible and -resistant C. glabrata
clinical isolates. (A) RNA was isolated from log-phase cultures, blotted to membranes, and hybridized to the indicated gene probes as described
in Materials and Methods. S, susceptible isolates; R, resistant isolates. Refer to Table 1 for complete strain numbering. (B) Histogram of ERG11,
CDR1, and PDH1 gene expression in individual resistant isolates relative to average expression in a panel of susceptible isolates (R/S). Expression
was quantified by densitometric scanning of RNA blots with normalization to ACT1 expression. Bars (left to right) represent the resistant isolates
shown in panel A (top to bottom, left to right).
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since both shared two nucleotide differences (with no effect on
amino acid sequence) relative to 66032 PDR1. Unlike mutant
F15, however, there were no differences in PDR1 sequence
between isolates 380 and 381.

PDR1 is upregulated in mutant F15. In S. cerevisiae, the
promoter of the PDR3 transcription factor gene includes two
Pdr1-Pdr3 binding sites, and hence PDR3 is autoregulated
(24). In light of the above results identifying a resistance-
associated mutation in the C. glabrata mutant F15 PDR1 ho-
molog, the expression of this gene was examined in represen-
tative clinical isolates and mutants. C. glabrata PDR1 was
indeed upregulated three- to fourfold in mutant F15 relative to
its parent 66032 (Fig. 5). In the seven other resistant isolates
and mutants examined, there was little or no change in PDR1
expression. For sequenced isolate 381, this result is consistent
with its unaltered PDR1 (see above).

DISCUSSION

C. glabrata is an emerging opportunistic yeast that is espe-
cially problematic due to its intrinsically low azole susceptibil-
ity. Furthermore, C. glabrata can readily undergo mutation to
frank azole resistance either in vitro, as shown here, or in vivo
(40, 46). Understanding the mechanisms behind intrinsic and
acquired resistance could facilitate the development of more
effective treatments. For example, azoles could be combined
with inhibitors of multidrug transporters or with inhibitors of
the regulatory pathways responsible for their upregulation.

Our studies identified transcriptional upregulation of multi-
drug transporter genes as the predominant mechanism behind
azole resistance in C. glabrata clinical isolates. This confirms

and extends earlier studies (30, 41). Specifically, CDR1 and
PDH1 were observed to be coordinately upregulated in 10 of
12 resistant isolates, relative to a panel of five susceptible
isolates, although the extent of upregulation varied consider-
ably. The expression of ERG11 was not significantly altered in
resistant isolates. On the other hand, upregulation of ERG11,
along with CDR1 and PDH1, was apparent following azole
treatment of susceptible cultures. Treatment with terbinafine,
which targets a distinct enzyme (squalene epoxidase) in the
ergosterol biosynthetic pathway, also upregulated ERG11 as
previously reported (19) but had minimal effect on CDR1 and
PDH1.

Uncharacterized factors other than CDR1-PDH1 upregula-
tion, such as coding sequence mutations in ERG11, could po-
tentially contribute to azole resistance in the clinical isolates
studied here (18). For this reason, we extended our studies to
fluconazole-resistant mutants generated by single-step selec-
tion in the laboratory. Our use of glycerol as a carbon source,
in place of glucose-dextrose, was critical to avoid the selection
at high frequency (10�3 to 10�4) of mitochondrial mutants
referred to as HFAR isolates (13, 42; T. Edlind et al., Abstr.
39th Intersci. Conf. Antimicrob. Agents Chemother., abstr.
297, 1999). While the connection between mitochondrial defi-
ciency and resistance is intriguing, it is likely that such mutants
would be avirulent in vivo; indeed, none of the 12 azole-resis-
tant clinical isolates studied here was respiration deficient
(data not shown). Even on glycerol medium, fluconazole-re-
sistant mutants arose at relatively high frequency (ca. 10�5),
which presumably reflects the haploid nature of the C. glabrata
genome. RNA analysis of these laboratory mutants identified
coordinate CDR1-PDH1 upregulation as the predominant ba-

FIG. 2. Expression of ERG11, ABC transporters CDR1 and PDH1,
and ACT1 in laboratory-derived fluconazole-resistant mutants (R; F15
to F26), their parent 66032, and three additional azole-susceptible
strains (S). (A) RNA was isolated from log-phase cultures, blotted to
membranes, and hybridized to the indicated gene probes as described
in Materials and Methods. (B) Histogram of ERG11, CDR1, and
PDH1 gene expression in individual resistant isolates relative to their
susceptible parent 66032 (R/S). Expression was quantified by scanning
and normalized to ACT1. Bars (left to right) represent the resistant
isolates shown in panel A (top to bottom, left to right).
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sis for azole resistance. Thus, these laboratory mutants appear
to provide a relevant model for the development of azole
resistance in vivo.

In light of its evolutionarily close relationship with S. cerevi-
siae and early observations of coordinate CDR1-PDH1 upregu-
lation, it was previously predicted that C. glabrata encoded a
homolog of Zn2Cys6 transcription factor Pdr1 (and its close
relative Pdr3) that regulates ABC transporter genes in S. cer-
evisiae. Indirect evidence in support of this hypothesis included
the identification of putative Pdr1-Pdr3 response elements
(PDRE) within the CDR1 and PDH1 promoters (30, 41, 42). A
more recent study described a fluconazole-hypersensitive
strain associated with transposon insertion into a PDR1-like
gene (H. F. Tsai, A. Krol, and J. Bennet, Abstr. 103rd Gen.
Meet. Am. Soc. Microbiol., abstr. F066, 2003). By BLAST
analysis of the recently released C. glabrata protein database,
we identified a single gene encoding a Pdr1 homolog with 34
and 30% identity over its full length to S. cerevisiae Pdr1 and
Pdr3, respectively. Sequence analysis of this gene from a flu-
conazole-resistant laboratory mutant demonstrating strong co-
ordinate CDR1-PDH1 upregulation identified a single change,
Pro927 to Leu. This mutation falls within the putative C. gla-
brata Pdr1 activation domain, a location where many gain-of-
function mutations have previously been described in S. cer-
evisiae Pdr1-Pdr3 (11, 25, 32, 43). Considered together, these
data suggest that the mechanism and components of multidrug
transporter gene regulation in S. cerevisiae and C. glabrata are
conserved. Analysis of additional C. glabrata PDR1 sequences
from laboratory mutants and clinical isolates is clearly war-
ranted. However, it will be equally important to identify other
resistance-associated genes such as the one responsible for
azole resistance in clinical isolate 381, which had unaltered
PDR1 relative to its susceptible parent 380. These genes may
include transcriptional cofactors such as the histone acetyl-

transferases and deacetylases shown to modulate azole suscep-
tibility in C. albicans (45) and, most recently, C. glabrata itself
(23).

In addition to ABC transporters like CDR1, major facilita-
tors which derive their energy for transport from the proton
gradient can play important roles in yeast multidrug resistance.
Specifically, the major facilitators Flr1 in S. cerevisiae and
Mdr1 in C. albicans have been implicated in azole efflux (2, 34,
48). No C. glabrata major facilitators have been characterized
to date. However, BLASTP analysis detected two Flr1 homologs
in the C. glabrata proteome (http://cbi.labri.fr/Genolevures/C
_glabrata.php), CAGL-CDS 1563.1 and 1728.1, with 50 to 60%
identity to S. cerevisiae Flr1. Rehybridization of the RNA blots
shown in Fig. 2A and 3 with probes corresponding to the C.
glabrata FLR1 homologs did not detect upregulation in azole-
resistant mutants or following antifungal exposure (data not
shown). This lack of coordinate upregulation with CDR1-PDH1 is
consistent with our understanding of FLR1 regulation in S. cer-
evisiae, which involves transcription factor Yap1 rather than Pdr1-
Pdr3 (2). Further studies of the expression and substrate speci-
ficities of the C. glabrata Flr1 homologs are needed.

Upregulated expression of multidrug transporters has been
repeatedly identified in azole-resistant isolates of C. albicans
(e.g., references 3, 35, and 48), related Candida species (7, 22,
30, 35, 42), and non-Candida yeast or molds (14, 38, 45). In two
cases, direct evidence was presented in support of a role for a
transactivating factor in this upregulation (15, 49). Neverthe-
less, this factor has eluded identification in these fungi. If
confirmed, our data implicating a mutation in C. glabrata PDR1
as a basis for coordinate CDR1-PDH1 upregulation and hence
azole resistance represent the first example of a regulatory
mutation leading to antifungal resistance in a clinically impor-
tant species. C. glabrata should prove to be a useful model for
further studies of intrinsic and acquired antifungal resistance.

FIG. 3. Expression of ERG11, ABC transporters CDR1 and PDH1, and ACT1 in C. glabrata 66032 cultures treated for 0.5 or 2.5 h with
itraconazole (ITR, 0.25 or 1 �g/ml), amphotericin B (AMB, 0.25 or 1 �g/ml), terbinafine (TER, 1 or 8 �g/ml), fluconazole (FLU, 64 �g/ml), or
no drug (control). RNA was isolated from log-phase cultures, blotted to membranes, and hybridized to the indicated gene probes as described in
Materials and Methods.
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FIG. 4. Alignment of amino acid sequences encoded by S. cerevisiae transcriptional activator genes PDR1 and PDR3 (ScPdr1 and ScPdr3) and
their C. glabrata homolog (CgPdr1). Underlined CgPdr1 residues represent amino acids conserved in ScPdr1, ScPdr3, or both. Bars represent
characterized domains involved in DNA binding (zinc cluster), the inhibitory domain defined by deletions which lead to constitutive activation, and
the activation domain which recruits the transcriptional apparatus (25, 37). Previously reported gain-of-function mutations in ScPdr1 and ScPdr3
(11, 25, 32, 43) are indicated by amino acids above or below their respective wild-type sequence. The CgPdr1 mutation (P927 to L) identified here
in laboratory-derived fluconazole-resistant mutant F15 is indicated. Alignment was generated by ClustalW (http://clustalw.genome.ad.jp). S.
cerevisiae sequences were from GenBank files AAA34849 (A1036 to L as per reference 11) and CAA56198. C. glabrata Pdr1 is from the protein
database for strain CBS138 (http://cbi.labri.fr/Genolevures/C_glabrata.php; CAGL-CDS0315.1) with the following changes specific to strain 66032:
S76 to P, V91 to I, L98 to S, and T143 to P (GenBank accession number AY700584).

FIG. 5. Expression of ACT1, CDR1, and PDR1 in azole-susceptible (S), clinical resistant (CR), and laboratory resistant (LR) C. glabrata strains.
RNA was isolated from log-phase cultures, blotted to membranes, and hybridized to the indicated gene probes as described in Materials and
Methods.
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